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It is increasingly recognized that hormetic environmental priming of stress 
responses can improve resilience to later life stress exposure. However, such 
phenotypic adjustments may be costly, particularly if the subsequent environ- 
ment does not match that to which the adjustment was made. Here, we show 
that hormetic priming to mild heat stress in early life increases survival only 
when heat stress is again experienced in adulthood; it reduces survival if the 
stressor is not encountered again. That such costs can occur explains both 
why the stress response system is not maintained in an upregulated state 
and why the hormetic adjustment of responses has evolved. 

1. Introduction 

A key issue in evolutionary ecology is whether phenotypic changes induced by 
early life experiences are, or are not, adaptive [1]. The environmental mismatch 
paradigm states that the extent to which a phenotypic adjustment is adaptive 
will depend on the degree to which early and adult environmental conditions 
are similar [1]. A change that is adaptive under certain developmental con- 
ditions may turn out to be maladaptive if the adult environment does not 
match that experienced in early life [1,2]. Hence, for early life phenotypic adjust- 
ments to be beneficial, the early environment needs to be predictive to some 
extent of the adult environment [1,2]. 

Exposure to stressful circumstances in early life can alter aspects of physiology; 
the long-term effects of such exposure are likely to depend both on the level of stres- 
sor experienced and on the adult environment. Exposure to severe stress in early 
life is generally detrimental to long-term health [2], but mild stress exposure can 
have a stimulatory and, possibly, beneficial effect through hormetic priming of 
stress response mechanisms, increasing the capacity to withstand exposure to a 
stressor later in life [3,4]. An important question then is why the need for such 
environmental priming has evolved, rather than having a system where the most 
effective responses can be expressed from the outset. The answer to this might 
lie with long-term costs associated with the stronger responses, costs which can 
be avoided if the adult environment is relatively stress free. Priming of stress 
responses in early life may therefore carry benefits for fitness providing the stressor 
is then encountered in the adult environment [5], but there might be a cost of phe- 
notypic adjustments if there is no subsequent exposure to stress in adulthood. This 
may occur when the early life environment does not match the conditions experi- 
enced in adulthood. Although theoretical considerations support this view, we lack 
a clear experimental demonstration of the costs that early hormetic priming may 
carry for the individual under an environmental mismatch. 

Using a small relatively short-lived songbird species (the zebra finch, Taeniopygia 
guttata), we tested the hypotheses that individuals exposed to mild heat stress earlier 
in life: (i) will live longer than individuals not pre-exposed to heat stress if heat stress 
is encountered in adulthood (reflecting the benefit of earlier priming of responses to 
heat stress) and (ii) will pay a penalty in terms of reduced survival if heat stress is not 
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Figure 1. (a,b) Survival up to 3 years of age of control birds or those exposed to mild heat stress before sexual maturity in relation to their treatment in adulthood. 
The effects on survival of hormetic priming to mild heat stress in early life were contingent on whether heat stress was encountered again in adulthood. The timing 
of the adult temperature challenge is shown as an arrow. 



encountered again in adulthood (reflecting the costs of priming 
under environmental mismatch). 

2. Material and methods 
(a) Experimental protocol 

We used a factorial experimental design that allowed us to have 
four experimental groups, which varied with respect to early 
(control, mild stress) and adult (control, high stress) thermal 
experience in order to have a match or mismatch between the 
early and adult environment. Further details are given in the 
electronic supplementary material. 

The thermal conditioning was started when birds were 42-45 
days old. At this age, males and females can be distinguished by 
their plumage. Siblings were assigned randomly to two initial 
temperature treatment groups during the conditioning phase in 
early life: controls (C), kept throughout at the standard housing 
temperature and exposure to mild heat stress (S). Sexes were, how- 
ever, not assigned randomly to the treatment groups, because we 
sought to keep a balanced sex ratio among groups. Temperatures 
were chosen according to [6]. Further details about the thermal 
conditioning are given in the electronic supplementary material. 

In order to test how early exposure to stress affected survival, 
half of the birds of each early exposure treatment were allocated to 
each of two adult treatment groups at adulthood (177-180 days): 
control (C) or stress (S; 42°C — note that this is a more challenging 
thermal stress than in the early, priming, phase). Therefore, we had 
four experimental groups, which varied with respect to early and 
adult thermal experience: CC (12 males and 10 females), SC 
(12 males and 10 females), CS (12 males and nine females), SS 
(13 males and nine females). Birds were exposed to the short- 
term thermal adult treatment for 3 h every day for a total of 3 con- 
secutive days, again being placed in the care units with ad libitum 
water but no food for the 3 h duration of each thermal treatment. 
At the end of the experiment, birds were maintained in their 
cages in the same conditions as before. The subsequent survival 
of the birds was then tracked for up to 3 years after the adult ther- 
mal challenge (the youngest and oldest birds still alive at the end of 
survival monitoring were 824 and 1099 days old, respectively). 



Over this period, no further manipulations were made to these 
birds. In captivity, zebra finch males typically live about 3 years 
and females about 2 years [7,8]. We therefore analysed survival 
over a timeframe relevant to evolutionary fitness in this species. 

(b) Statistical analyses 

Cox mixed-effects models fitted by maximum likelihood in R 
(v. 3.0.1, R package 'coxme' mixed-effects Cox models) were used 
to test the effect of treatment on survival. We entered in the model 
two different factors for Treatment (early life Treatment and adult 
Treatment), plus Sex and the two- and three-way interactions. We 
included brood as a random factor to take into account any 
family effects, because there were siblings within our experiment. 
A censor variable was included to allow inclusion of adults 
still alive at the completion of the study. We used a backward elim- 
ination process to exclude independent variables with p < 0.05. 
Non-significant terms were sequentially removed from the 
models starting from the higher order interactions and the analyses 
were repeated until we obtained a model with only significant 
terms. The brood factor was always maintained in the models. 



3. Results 

The first deaths among females and males, respectively, were 
recorded 16 and 143 days after the end of the adult treatment. 
Both of these first birds to die were from the treatment group 
CS. Almost half of all the birds (45.9%) died over the first 
year following the adult treatment. The analysis of survival 
curves shows that the effects of hormetic priming to heat 
stress in early life were contingent on whether heat stress was 
or was not encountered again in adulthood (figure 1 and 
table 1). As predicted, survival was lower in those birds that 
(i) were controls in early life and were then exposed to heat 
stress in adulthood or (ii) experienced heat stress as young 
but not as adults. Overall, females survived less than males 
(table 1), but the response of males and females to the thermal 
treatment was generally similar across experimental groups (all 



Table 1. Final outcome of a Cox mixed-effect model fitted by maximum 
likelihood showing the effects of early and late treatment on survival. 



factor 


i 
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early treatment 


1.86 


0.062 


adult treatment 


2.64 


0.0083 


sex 


4.98 


< 0.001 


early x adult 


-2.37 


0.018 



two- and three-way interactions with sex, p > 0.31; figure 1). 
The main difference between males and females in survival 
trends appears to occur for individuals that experienced mild 
heat stress in early life and were then controls in adulthood: 
while survival of females decreased with time, that of males 
did not do so (figure 1). 

4. Discussion 

Our findings show that hormetic priming to heat stress 
would carry benefits for survival only if there is some 
degree of matching between the earlier and subsequent 
environments. When encountering relatively warm environ- 
ments in adulthood, those birds that experienced heat stress 
earlier in life survived better than those that had not had 
the early life exposure, and their survival was similar to 
those birds not encountering heat stress at all. This demon- 
strates that early life stress exposure can be beneficial when 
there is environmental matching. However, when no heat 
stress was encountered in adulthood, survival was poorer 
in birds that experienced heat stress in early life than in 
those that did not do so; this demonstrates a cost of priming 
in the absence of a challenge in adulthood. 

The cause of death was not the exposure to the heat stress 
itself. Zebra finches are tropical birds, and the temperature 
experienced was not outside their range of thermal tolerance 
[6]. However, it seems that the phenotypic adjustments to 
physiology as a consequence of the early life experience of 
heat stress do carry costs. 

The reason for our focus on ambient temperature is not only 
the ease of implementing heat stress protocols, but also because 
high temperatures activate evolutionarily highly conserved 
stress response pathways [4,9]. Previous reports showed that 
manipulation of heat stress may have beneficial effects on long- 
evity, but a recent meta-analysis on life-extension promoted by 
thermal hormesis suggests that any beneficial effect is depen- 
dent on the precise conditions of the initial priming: the 
likelihood of lifespan extension was greater if the initial priming 
was less severe, with shorter and less frequent heat shocks and 
longer recovery periods [10]. None of these earlier studies, how- 
ever, considered the existence of a cost of hormetic priming as 
we have done in this experiment. 



The results of our study also highlight the importance of 
elucidating the mechanisms that may explain the outcomes 
of early life priming. We do not know the actual cause of 
death of the birds in this study, but it was not due to injury 
or infection. We have previously proposed a role for oxidative 
stress in this context [11]: we found that mild heat stress experi- 
enced early in life primes zebra finches to better withstand 
oxidative stress induced by exposure to high ambient tempera- 
ture in adulthood. By contrast, birds that had no previous 
experience of heat stress showed a significant increase in 
plasma oxidative damage when exposed to heat in adulthood 
and also exhibited a bigger decrease in red blood cell thiol anti- 
oxidants than the mild conditioning group [11]. Importantly, 
birds that experienced mild heat stress in early life and were 
then not exposed again to heat stress showed a decrease in 
thiols. This is relevant because a disruption of homoeostatic 
mechanisms through overoxidation of thiols makes the cells 
less capable of efficiently controlling the activity of free radicals 
[12,13]. Hence, a cost of hormetic priming may come through a 
long-term impairment in the regulation of mechanisms that 
control oxidative balance. It might be that the resources 
required to maintain a molecular 'memory' needed to with- 
stand stressful episodes become a significant cost when such 
events do not occur, if these resources are taken away from 
other organism functions that may impact on survival. The 
birds that we used in our study were fully grown at the time 
that the priming occurred, but still immature. To what extent 
the results we observed are dependent upon the priming 
having taking place relatively early in life is unclear, though 
a number of studies suggest that early life is a particularly sen- 
sitive stage [3,4]. It is possible that the results could have been 
more marked if the birds had been even younger when the 
priming took place, but also possible that priming in adulthood 
could have a similar effect. 

In conclusion, our study shows for the first time that envir- 
onmentally primed stress resistance in early life may carry 
survival costs if the early environment is not predictive of the 
stress load of the adult environment. This may explain both 
why the stress response system is not maintained in an upregu- 
lated state and why the hormetic response has evolved. Future 
challenges include determining the mechanisms that underlie 
these survival costs under environmental mismatch. 
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